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ABSTRACT
Cyanate ester resins are often blended with lower cost epoxy monomers in order to modify the
cost, toughness, and processing characteristics. There are also several choices of catalysts that
can be used to improve processing, namely by reducing the cure temperature. This study was
undertaken to illustrate how a designed experiment approach can be used to systematically
investigate a wide range of material combinations and illuminate the basic cure behavior of some
simple cyanate ester – epoxy blend combinations. Two commercial cyanate ester resin products
were obtained. Each was blended with a bisphenol F based epoxy resin at two different levels,
and the effect of a hindered amine catalyst at low level was also investigated. This resulted in a
23 factorial experiment. Material characterization included differential scanning calorimetry
(DSC) and thermal decomposition via thermogravimetric analysis (TGA). Although the addition
of epoxy was expected to lower both the glass transition temperature and thermal stability
(compared to pure cyanate), the designed experiment approach provided a good map of how
these properties change as a function of epoxy substitution. For example, the amount of epoxy
steadily decreased the Tg, TGA onset temperature, and char yield in an almost linear fashion
from 0 to 50 wt%. Specifically, Tg was reduced by ~3°C per 1% epoxy, TGA onset temperature
was reduced by ~1.2 °C per 1% epoxy, and char yield was reduced by ~0.5 wt% per 1% epoxy.
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1. INTRODUCTION
Cyanate ester resins were originally considered for printed circuit board and aerospace
applications in the 1970s-1980s [1,2]. Since then they have been successfully used in the
aerospace industry as adhesives and composite matrix resins due to their high performance in
terms of thermo-oxidative stability, dimensional stability and low shrinkage, dielectric
properties, and low off-gassing behavior [2-4]. Perhaps the largest hurdle to their expanded use
is their high cost, as well as their inherent brittleness. Numerous researchers have investigated
blending cyanate ester resins with comonomers such as epoxy and bismaleimide, as well as
thermoplastic or elastomeric toughening agents, in order to modify the cost, toughness, and
processing characteristics. The current study focused on epoxy-cyanate ester blends without
toughening agents, in an attempt to illuminate the basic cure behavior and properties of cyanate
ester-epoxy network copolymers of relatively simple composition.
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The polymerization of pure cyanate ester monomers is relatively simple and well understood,
involving three reactive -OCN groups coming together to form a triazine ring (this reaction
referred to as cyclotrimerization). This aromatic ring structure forms the crosslink junctions in
the network and imparts high thermal stability. Homopolymerization of cyanate ester monomers
proceeds readily at high temperature (>200 °C), but catalysts are often used to reduce the cure
temperature. The most common catalysts are chelates and carboxylate salts of transition metals,
such as cobalt or copper acetyl acetonate [1-4]. Due to solubility issues, these compounds are
usually first dissolved in nonylphenol which also serves as a co-catalyst. Alternative catalysts
include aromatic amines and hydroxyl containing compounds as sources of “active hydrogen”.
In contrast, the co-polymerization reaction of cyanate ester and epoxy is highly complicated.
Fortunately, there have been several good studies attempting to elucidate the curing mechanisms,
perhaps best summarized by Zeng et al. [5] and Szeluga and Moryc [6]. The curing mechanism
of cyanate ester and epoxy involves several competing reactions and stages, which is
summarized as follows. At fairly low temperatures (90-160 °C [7]) the cyanate ester monomers
can begin to homopolymerize to create triazine rings, as well as react with epoxy groups to form
chain-extending oxazoline linkages. At higher temperatures (160-240 °C [7]), there are several
competing and sequential reactions which involve epoxy groups adding to triazine rings and
ultimately converting them to an oxazolidinone rings and extending the distance between cyanate
ester monomer cores. At high temperature it is also possible that the epoxy monomer can
homopolymerize due to the tertiary amine in oxazolidinone [5]. The end result is a complex
network containing some triazine rings that are left intact, heterocyclic oxazolidinone rings, and
polyether chains from the epoxy groups. This has the effect of reducing aromaticity and
lowering crosslink density in proportion to the amount of epoxy comonomer used. The epoxy
monomer can possibly act as a catalyst in terms of lowering the overall cure temperature [5].
Several researchers have studied cyanate ester-epoxy blends. Szeluga and Moryc studied blends
of cyanate ester, bisphenol A epoxy, and reactive tougheners using copper acetonate and
nonylphenol catalyst [6]. Zeng et al. studied the free volume of cyanate ester / bisphenol A
epoxy networks without added catalysts [5]. In a European patent, Ellinger et al. describe
several cyanate ester / epoxy blends catalyzed by aromatic diamines intended for structural
composite processing via resin transfer molding (RTM), vacuum assisted RTM (VARTM), and
pultrusion [8]. Of additional interest, Alasdair et al. investigated blends of cyanate ester
monomers (no epoxy) and offered good baseline thermal analysis and spectroscopy results for
the cyclotrimerization reaction [9].
Obviously, there is a myriad of material selection choices involved in developing these
formulations, including the base monomer compositions, the blend ratio, the catalyst (if any) and
its amount, and processing conditions. The current study was undertaken to illustrate how a
designed experiment approach can be used to systematically investigate a wide range of
combinations and illuminate the basic cure behavior of some simple blend combinations. In the
current study, two commercial cyanate ester resin products were obtained. Each was blended
with a bisphenol F based epoxy resin at two different levels, and the effect of a hindered amine
catalyst at low level was also investigated. Thus, a designed experiment was conducted
involving three factors at two levels each.

2. EXPERIMENTATION
2.1 Materials
Two cyanate ester resins were kindly donated by Lonza (now Araxada): Primaset LECy and
Primaset LVT-100. The chemical structure of LECy is given in Figure 1A. Based on its safety
data sheet, Primaset LVT-100 is a blend of LECy and polyphenol cyanate (see Figure 1B, where
n unknown). Both these products are low viscosity liquids and contain no solvent; their
viscosities were measured to be 0.077 and 0.307 Pa-sec, respectively, at 25 °C. The epoxy resin
used was Hexion EPON 862, Diglycidylether of Bisphenol F (DGEBF, see Figure 1C, viscosity
= 3.89 Pa-sec at 25 °C). Finally, Hexion Epikure W, diethyltoluene diamine (DETDA) was used
as a catalyst, see Figure 1D. EPON 862 and Epikure W are also liquids at room temperature.
For the remainder of this paper, these compounds will be referred to as LECy; LVT-100 or
simply LVT; EPON 862 or simply EPON or epoxy; and Epikure W or simply W.
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Figure 1: chemical structure of monomers used in this study: A) LECy (CAS 47047-92-7),
B) polyphenol cyanate (CAS 87397-54-4), C) DGEBF (CAS 2905-03-6), D) DETDA (CAS
68479-98-1)
2.2 Formulation and Processing
This study employed a designed experiment involving three factors at two levels each. The first
factor was the cyanate ester type (LECy or LVT-100); the second factor was epoxy level (25
wt% or 50 wt%), and the third factor was the catalyst level (0 or 1 phr). These factors are
summarized in Table 1, and the list of samples made is given in Table 2. Due to time
constraints, the samples were not replicated (i.e. only one sample was made for each condition).
In addition, samples of pure LECy and pure LVT-100 were prepared (Baseline 1,2) and a sample
of LECy containing 1 phr Epikure W (Baseline 3) was tested to illustrate the effect of the
catalyst on the cyanate ester homopolymerization reaction.

Each sample was mixed in a bench-top double planetary mixer (Flacktek SpeedMixer DAC 515200 SE) using a Flacktek max 10 g cup (2.8 cm diameter x 3 cm deep, see Figure 2C). Sample
size in this study was 6 grams. Mixing conditions were 2500 RPM for 2 minutes. All samples
were visually observed to be homogeneous and clear after mixing; no phase separation was
observed even after standing for days or weeks at room temperature. Overall the procedure was
very fast and easy owing to the use of ambient-temperature liquid monomers and the efficient
mixing equipment.
Table 1: designed experiment factors1
Level

Factor
Cyanate ester type
EPON 862 level
Catalyst (Epikure W) level
1

LECy
25 wt%
0

+
LVT-100
50 wt%
1 phr

phr is “parts per hundred” based on total weight of the cyanate/epoxy mixture

Table 2: summary of samples prepared, including controls.
Sample #
Cyanate ester type
EPON 862 level
1
2
3
+
4
+
5
+
6
+
7
+
+
8
+
+
Baseline 1
0
Baseline 2
+
0
Baseline 3
0

A

B

Catalyst level
+
+
+
+
0
0
+

C

Figure 2: A,B) Flacktek mixer, C) example mixing cup.

All samples were tested in DSC immediately after mixing (i.e. freshly mixed liquid condition).
TGA samples were tested in the solid state after curing in an oven using the following procedure.
First, 2 grams of each sample was poured into a 5-cm diameter aluminum dish. These were
placed into a convection oven, heated from ambient to 175 °C at 1 °C/min in air, held at 175 °C
for 1 hour, then free-cooled to ambient temperature. The solid resin film was extracted by
peeling away the aluminum dish. Next, a 150-200 mg sample of each film was placed into a new
aluminum dish, weighed, and placed into the convection oven. These samples were heated from
ambient to 220 °C at 2.5 °C/min, held at 220 °C for 1 hour, then free cooled to ambient. The
samples darkened slightly during post cure, but weight loss during post cure was less than 0.40
wt% during this step. Baseline samples 1 and 2 (pure LECy and LVT-100) did not solidify
during the 175 °C cure cycle, so they were left in their original aluminum dishes for post cure.
2.3 Characterization
Differential Scanning Calorimetry (DSC) was carried out to determine the temperature range of
cure, total heat of reaction, and glass transition temperature (Tg) of fully cured samples. A TA
Instrument Q2000 DSC unit was used with testing conditions of 40-375 °C at 10 °C/min in
flowing nitrogen (50 mL/min). Each sample weighed approximately 2-5 mg and was contained
in a low mass T-zero aluminum pan with hermetic lid. After the first ramp, samples were cooled
in the DSC unit and immediately reheated to 350 °C at 10 °C/min to measure the Tg.
Thermogravimetric Analysis (TGA) was carried out to characterize the thermal stability of cured
samples. A TA Instruments Q500 with evolved gas analysis (EGA) furnace was used. Samples
were tested in platinum pans with a sample size of approximately 2-3 mg. Testing conditions
were ambient to 800 °C at 10 °C/min in flowing nitrogen (90 mL/min).

3. RESULTS
3.1 DSC results
An example DSC result is given in Figure 3A, showing the results of an exothermic peak
integration (heat of reaction = 822 J/g) and peak temperature (279 °C). In this study the onset
temperature was not taken from the value extrapolated from the upward peak side because of its
large displacement from the point where the graph actually begins to rise. The onset value in this
study was taken as the temperature of the first visible deviation from baseline when viewed
“zoomed in” as seen in Figure 3B. Although this method is somewhat subjective based on the
amount zoomed in and where the beginning of the baseline was established, it was considered to
be a more realistic value.
The DSC graphs for the baseline samples are given in Figure 4A, and the numerical results are
summarized in the table in the Appendix. The peak temperature of LECy was about 40 °C lower
and heat of reaction 8% higher than that published by Alasdair et al. for the pure monomer using
the same DSC conditions [9]. Generally, the heats of reaction were found to be very large
compared to common epoxy resin systems (especially epoxy-amine which is often half of this in
the author’s experience). However, these results are consistent with that published in the cyanate
ester literature, which equates to 700-850 J/g or 97- 119 kJ/equivalent of OCN group for

bisphenol A dicyanates [6]. Similarly, Robitaille indicates 105 kJ/equivalent for cyanate vs. 5058 kJ/equivalent for epoxy systems [2]. In any case, both curves exhibited a shoulder around
225 °C, although it was weaker in LVT-100 since it contained less LECy. LVT-100 exhibited a
slightly higher peak temperature. These observations are in contrast to Alasdair et al, in which
pure LECy had a weak shoulder, and pure polyphenol cyanurate exhibited a strong shoulder as
well as lower peak temperature [9]. However, LVT-100 is not pure polyphenol cyanurate, so the
results may not be expected to be comparable. The existence of a shoulder was explained by
Szeluga and Morye [6] as the early stage of cyclotrimerization when two dimers were beginning
to form an intermediate, although that study involved heavily catalyzed cyanate ester-epoxy
blends. We conclude from the slightly higher heat of reaction of LVT-100 that the polyphenolic
cyanate monomer had a higher concentration of cyanate functional groups (this could have a
noticeable impact on crosslink density and Tg).
Sample: LECy pure
Size: 2.7100 mg
Method: Ramp
Comment: 10 C/min

File: E:\cyanate ester\DSC2\LECy.001
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Figure 3: DSC results for A) pure LECy (noncatalyzed), and B) enlargement of LECy graph
showing assignment of onset as first visible deviation from baseline.
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Figure 4: DSC results for A) pure LECy and LVT-100 (noncatalyzed), and B) LECy + 1 phr
catalyst (Epikure W).

Overall the LECy and LVT-100 results illustrate the classic cyclotrimerization curing
mechanism for pure cyanate ester monomers. The effect of the catalyst on the cyclotrimerization
reaction can be seen in Figure 4B for LECy. The effect was to lower the onset cure temperature
(169 vs. 84 °C), broaden the peak, and slightly lower the heat of reaction (822 vs. 738 J/g). The
lowering of the onset temperature was expected. The lower of the heat of reaction is consistent
with Alasdair et al., although their catalyst system was copper acetyl acetonate and
dodecylphenol [9]. Both the main peak and shoulder temperatures were reduced by adding
Epikure W at 1 phr, and an additional shallow peak was observed around 125 °C. It is not clear
what this peak corresponds to, but perhaps early stages of cyclotrimerization.
Next, the copolymerization of cyanate ester and epoxy in the absence of a catalyst is illustrated
in Figure 5. The same two trends were observed for both LECy and LVT-100: i) the
cyanate/epoxy peaks were taller and more narrow than pure cyanate but approximately the same
heat of reaction, and ii) the peak temperatures did not follow the expected trend. Specifically,
the addition of a low amount of epoxy (25%) had no effect or a small increase on peak
temperature compared to pure cyanate. However, the addition of 50% epoxy reduced the peak
temperature below both the pure cyanate and the 75/25 cyanate/epoxy blend. Overall the peaks
were a similar temperature range though.
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Figure 5: DSC results for A) LECy blends (noncatalyzed), and B) LVT-100 blends (noncatalyzed).
Finally, the copolymerization of cyanate ester and epoxy in the presence of a catalyst is
illustrated in Figure 6. The catalyst had similar effects on LECy and LVT, as well as at different
levels of epoxy. The primary (tallest) peak shifted to a significantly lower temperature, and
some more prominent lower temperature peaks or shoulders were observed. For each catalyzed
sample curve (maroon lines), we assume that the highest peak corresponds to the highest peak of
the uncatalyzed sample curve (green), the next highest peak corresponds to the shoulder of the
green curve, and the lowest temperature peak is related to that observed for the black line in
Figure 4B (reaction of catalyst with pure cyanate). Overall the catalyzed reaction produced a
significantly lower onset temperature, more complicated reaction (perhaps not surprisingly), and
slightly lower heat of reaction as was seen in the pure cyanate results (Figure 4B).

6

6
––––––– LECy/epoxy 75/25
––––––– LECy/epoxy 75/25 + 1 phr W

––––––– LECy/epoxy 50/50
––––––– LECy/epoxy 50/50 + 1 phr W

4

Heat Flow (W/g)

Heat Flow (W/g)

4

2

0

2

0

-2

-2

0

50

100

150

200

250

300

350

Temperature (°C)

Exo Up

400

0

50

100

150

200

250

300

350

Temperature (°C)

Universal V4.5A TA Instruments
Exo Up

A

400

Universal V4.5A TA Instruments

B

6

8
––––––– LVT/epoxy 75/25
––––––– LVT/epoxy 75/25 + 1 phr W

––––––– LVT/epoxy 50/50
––––––– LVT/epoxy 50/50 + 1 phr W

6

Heat Flow (W/g)

Heat Flow (W/g)

4

2

4

2

0
0

-2

-2

0

50

100

Exo Up

150

200

Temperature (°C)

C

250

300

350

400

Universal V4.5A TA Instruments
Exo Up

0

50

100

150

200

Temperature (°C)

250

300

350

400

Universal V4.5A TA Instruments

D

Figure 6: DSC results for A) 75/25 LECy / EPON blends, B) 50/50 LECy / EPON blends),
C) 75/25 LVT-100 / EPON blends, and D) 50/50 LVT-100 / EPON blends. In all graphs, the
maroon curve is for the catalyzed blend (1 phr Epikure W).
3.2 TGA results
An overlay of the TGA graphical results are given in Figure 7, while the numerical results are
given in the Appendix. The method for determining onset decomposition temperature is shown
for LVT-100. The char yield was taken as the weight percent remaining at 780 °C. As expected,
the pure cyanate ester monomers gave the highest onset temperatures and char yields due to the
high thermal stability of the triazine rings formed as crosslink junctions during cure. The
stability of LVT-100 was slightly higher than LECy due to the presence of some polyphenolic
cyanate monomers, which is consistent with literature [10]. The char yields of both LECy and
LVT-100 were around 50 wt%, which is very respectable for a polymer and on the high end of
cyanate ester thermosets. As expected, the addition of epoxy resin lowered the thermal stability
due to the presence of more aliphatic linkages in the network, where a higher level of epoxy led
to lower thermal stability. For the 75/25 cyanate/EPON blends, the addition of catalyst did not
significantly affect the results. However, for 50/50 cyanate/EPON blends, the addition of
catalyst produced a significant difference but in different directions. For 50/50 LECy/EPON, the

catalyst lowered the char yield, while for 50/50 LVT-100/EPON the catalyst increased the char
yield. This result is unexplained at the current time, but it does indicate there is some complexity
between the catalyst and cyanate ester-epoxy reaction at high epoxy loading in terms of thermostable bonds that are formed and possibly crosslink density.
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Figure 7: overlay of TGA results (10 °C/min, nitrogen). Solid lines are for LECy samples;
dashed lines are for LVT-100 samples. The onset decomposition temperature is shown for LVT100 as an example.

3.3 Design of Experiments Analysis
This study’s designed experiment involved three factors (cyanate ester monomer type, epoxy
amount, catalyst amount) at two levels each, producing a combination of eight (8) samples. This
is referred to as a 23 factorial experiment. For each sample, four DSC results and two TGA
results were recorded, for a total of 48 results (not including the three control samples) as
summarized in the table in the Appendix. As is typical for the analysis of a 23 factorial
experiment, the 8 results for each given test can be averaged in different ways and viewed
graphically to illustrate various relationships. A graph for each of the three “main effects” can
be produced, as well as several “interaction” graphs that break out more detail. Thus, a large
number of graphs can be produced, and it is beyond the scope and page limit of the present
manuscript to include them all. However, it is usually more valuable to select certain graphs that
illustrate the key findings and/or unexpected trends, as will be done herein.
Examples of main effect graphs are given in Figures 8A-C for the property of DSC onset
temperature. The factor under consideration is given on the X-axis, and the Y axis data points
represent the average of four data points for that factor at that level. The error bars represent ± 1

standard deviation. Figure 8A and B show possibly a weak upward trend going from left to
right, but not significant given the wide error bars. In contrast, Figure 8C shows a convincing
downward trend of about 100 °C when moving from 0 to 1 phr catalyst, and it is significant
given the tight error bars. This indicates that across both cyanate ester resins and amounts of
epoxy, the catalyst has a clear and strong effect on reducing onset temperature. To gain more
insight about the effect of cyanate ester resin and epoxy amount, interaction plots were produced
(see Figure 8 D-F). In these graphs, each marker is an average of two data points, and the error
bars represent the minimum and maximum values. Figure 8D shows the cyanate ester type x
epoxy interaction. Given the error bars, there is no discernable trend in moving from 25 to 50
wt% epoxy, as well as between LECy and LVT-100. However, Figure 8E shows the clear trend
in catalyst level (as was seen in Figure 9C), but there is additional information in that LECy and
LVT-100 give the same result when averaged across both catalyst levels. Figure 8F shows a
weak upward trend in onset temperature when going from 25 to 50 wt% epoxy, and also the
significant reduction in onset temperature when 1 phr catalyst is added (this clarifies Figure 8B).
The fact that the two lines are essentially parallel indicates there is no interaction between the
factors of epoxy amount and catalyst level, in other words the influence of one factor on the
results is NOT dependent on the condition of the other. For example, an increase from 25 to 50
wt% epoxy produces the same (but slight) increase in onset temperature regardless of catalyst
level. The key takeaway from this analysis is that addition of 1 phr catalyst was the only way of
significantly reducing the onset temperature, and it was approximately the same effect regardless
of the other factors and levels.
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Figure 8: DSC onset temperature A-C) main effects, and D-F) two factor interaction graphs.
For reference, the onset temperatures for pure LECy and pure LVT-100 were 169 and 162 °C
respectively.

The glass transition temperature results are offered in Figure 9. The level of epoxy had a clear
and significant effect on Tg as shown in Figure 9A (i.e. the average reduction of about 40 °C in
Tg was outside the error bar overlap). Other interesting results are given in the interaction
graphs. Figure 9B provides more information on this trend: LVT-100 blends consistently had a
higher Tg than LECy blends. Because the two lines are not parallel, there could be a slight
interaction between epoxy amount and cyanate ester type, for example at the high level of epoxy
(50 wt%) the cyanate ester type does not make much difference. However, given the error bar
overlap at the 50% level, the presence of an interaction is not certain. Figure 9C shows that there
is no interaction between epoxy amount and catalyst level (i.e. lines are parallel), and 1 phr
catalyst produces a significant (but slight) increase in Tg but only at the 50 wt% epoxy level.
The key takeaway from this analysis is that increased epoxy consistently leads to lower Tg, and
LVT-100 blends have a higher Tg but only if not diluted too far with epoxy.
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Figure 9: Tg results A) main effect of epoxy level, and B-C) two factor interaction graphs. For
reference, the Tg of pure LECy was 277 °C (while the Tg of pure LVT-100 was not detectable).
The heat of reaction results for the cyanate-epoxy blends are shown in Figure 10. The catalyst
amount was the only main effect to show a significant trend, which was to lower the heat,
although the scatter was high at 1 phr catalyst (see Figure 10A). Figure 10B indicates there is
probably no interaction between catalyst level and cyanate ester type (lines are approximately
parallel), but it’s difficult to conclude if the presence of LVT-100 produced a significantly higher
heat in each blend due to the overlap of error bars. Figure 10C at first inspection seems to
indicate a clear interaction between epoxy level and catalyst amount (i.e. lines going in opposite
directions). However, the line for 1 phr catalyst is skewed downward by one value that could be
an outlier (621 J/g for LECy/EPON 50/50 with 1 phr catalyst). Despite this uncertainty, it
appears that the general trend is that the presence of catalyst depresses the heat of reaction
compared to the uncatalyzed blends (similar to pure LECy with and without catalyst as shown in
Figure 4B). It is interesting that without a catalyst (blue line) there is a slight upward trend in
heat of reaction when moving from 25 to 50 wt% epoxy, and this value (831 J/g) approaches that
for the average pure cyanate ester heat of reaction (843 J/g). The main conclusion from this
analysis is that the presence of the catalyst had a consistent effect of decreasing the heat of
reaction, possibly indicating different reaction mechanisms take place when present.
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Figure 10: Heat of reaction results A) main effect for catalyst level, and B-C) two factor
interactions. For reference, the heats of reaction of pure LECy and pure LVT-100 were 822 and
864 J/g, respectively.
The TGA onset decomposition results are given in Figure 11. All these results are significantly
lower than that of pure cyanate ester resins (average 426 °C), although they do extrapolate
linearly back to close to this value at zero epoxy content. The level of epoxy had a significant
effect in reducing the average onset temperature of these blends by about 25 °C when moving
from 25 to 50 wt%. Figure 11B shows that there was no interaction between the epoxy level and
cyanate ester type (i.e. lines are parallel), and that LVT-100 blends have a slightly higher onset
temperature. Figure 11C indicates that there is no interaction between epoxy level and catalyst
amount, and that the presence of catalyst has no significant effect (error bars overlap). The
major conclusion from this analysis is that the epoxy level is the key factor in controlling the
onset decomposition temperature.
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Figure 11: TGA onset temperature A) main effect of epoxy level, and B-C) two factor
interactions. For reference, the onset temperatures for pure LECy and pure LVT-100 were 425
and 427 °C, respectively.
The char yield results are given in Figure 12. Figure 12A shows that the level of epoxy had a
significant effect in reducing the average char yield of these blends by about 11 wt% when
moving from 25 to 50 wt% epoxy. This is the same reduction when comparing the average
result for the pure cyanate ester resins (51.1 wt%) and the 25% epoxy blends, indicating a linear
trend when extrapolating back to zero epoxy content. Figure 12B indicates there is a possible
weak interaction between epoxy level and cyanate ester type (lines not parallel). In this case, the
char yield for LVT-100 is significantly higher than LECy but only at the low epoxy level (25
wt%). This is similar to the Tg result (Figure 9B), which may imply the thermal decomposition

behavior of these blends is strongly related to the crosslink density (as is the property of Tg in
thermosets). Finally, Figure 12C indicates there is a possible interaction between catalyst level
and cyanate ester type, as was discussed in the Section 3.2 and Figure 7. Although the error bars
are fairly wide, the general trend is that LVT-100 blend chair yield improved slightly when the
catalyst was present, while the opposite was true for LECy blends. In any case, the major
conclusion from this analysis is that the epoxy level is the key factor in controlling the char yield,
as was the case for onset decomposition temperature.
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Figure 12: Char yield results A) main effect of epoxy level, and B-C) two factor interactions.
For reference, the char yields for pure LECy and pure LVT-100 were 48.4 and 53.8%,
respectively.

4. CONCLUSIONS
The LVT-100 monomer in pure form and in epoxy blends led to slightly higher Tg values and
thermal stability vs. comparable LECy-containing samples. This effect was attributed to the
presence of the high functionality polyphenol cyanate monomers in LVT-100 that were expected
to result in higher crosslink density than the bifunctional LECy monomer. The cyanate-epoxy
blends without catalyst cured in the same general temperature range of the pure cyanate
monomers, although the DSC peaks of the blends were taller and narrower. The use of an
aromatic hindered amine compound as a catalyst at 1 phr had a strong effect on lowering the
average DSC onset temperature and peak temperature of the blends by 87 and 27 °C,
respectively; however, the catalyst lowered the average heat of reaction by 12% indicating some
potential effect on the network structure. The amount of epoxy steadily decreased the Tg, TGA
onset temperature, and char yield in an almost linear fashion from 0 to 50 wt%. This effect was
quantified as the following: Tg was reduced by ~3°C per 1% epoxy, TGA onset temperature was
reduced by ~1.2 °C per 1% epoxy, and char yield was reduced by ~0.5 wt% per 1% epoxy.
However, the epoxy level had little or no effect on the DSC onset or peak temperatures, as well
as heat of reaction. In conclusion, this study successfully demonstrated the magnitude of the
trade-offs of blending epoxy with cyanate ester, i.e. Tg and thermal stability reduction. In
addition, the effect of lowering the onset cure temperature by using a catalyst at low
concentration was clearly demonstrated and quantified, although it did raise questions about the
effect on the network structure which would be a good topic for future study.
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Appendix
Results Master Table
sample cyanate
type
#

EPON
level

catalyst
level

DSC Results
Hrxn (J/g) onset temp.
(°C)

TGA Results

peak temp.
(°C)

Tg (°C)

Onset
temp. (°C)

Char yield
(wt%)

1

-

-

-

788

177

287

157

391

36.4

2

-

-

+

771

90

258

172

386

34.2

3

-

+

-

827

179

272

130

365

27.8

4

-

+

+

621

100

251

145

364

25.0

5

+

-

-

828

183

288

192

394

41.3

6

+

-

+

747

92

261

189

396

41.3

7

+

+

-

834

193

283

141

364

25.2

8

+

+

+

756

95

251

149

373

30.0

B1

-

0

0

822

169

279

277

425

48.4

B2

+

0

0

864

162

288

unknown*

427

53.8

B3

-

0

+

734

84

249

290

not tested

not tested

B1, B2, B3 is baseline sample 1, 2, 3
* Tg could not be discerned from the DSC trace for this sample.
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